With the rapid development of microelectromechanical systems, small scale resistance spot welding (SSRSW) is ever-increasing used in electronic and medical devices. Whereas there is limited research work dealing with quality control of SSRSW. This paper investigated a real-time and in-situ SSRSW quality monitoring method by means of taking the voltage as the monitoring signature. It was obtained through clipping two leads onto the electrodes during SSRSW. As the linear DC and the high frequency (HF) resistance welding power supplies were the common equipments in SSRSW and constant current mode was used in this study, the variation of voltage with time indicated the conditions of the welding process which issued in the final weld quality. Utilizing four factors extracted from the voltage curve an artificial intelligence algorithm to estimate the weld quality was proposed. The maximum average forecast error of the trained network is about 0.15 mm, showing that the voltage curve is a reliable quality monitoring signature of SSRSW. The most prominent advantage of this method is that weld quality can be perfectly estimated with only two sensor clips compared with other methods reported for normal scale or large scale resistance spot welding (LSRSW).
Introduction
As shown in Fig. 1 , during resistance spot welding (RSW), two electrodes contact an overlap of two sheet metals and very high dc or ac current is passed for a short period of time. The resistance between two heads of electrodes offers to the flow of electric current produces heat. According to the joule law, the heat produced causes the interfaces to melt and form a solid joint. The electrodes are usually water-cooled to prevent the welding plate from sticking onto the electrodes.
With the rapid development of microelectromechanical systems, small scale resistance spot welding (SSRSW) is commonly used in electronic and medical devices. Compared with normal scale or large scale RSW (LSRSW), SSRSW deals with relatively thin sheet metal (sheet metal less than 0.2-0.5 mm). 1, 2) SSRSW is distinct from LSRSW in many respects, 3, 4) see Table 1 . Electrode sticking, expulsion, and non-repeatable welding may occur on condition of simply reducing welding parameters. [5] [6] [7] There have been some studies on SSRSW. Zhou et al. 8) investigated the weldability of thin sheet aluminum, brass, and copper in SSRSW. Ely and Zhou 9) studied the weldability of Kovar, steel, and nickel. Shinji Fukumoto 10) investigated the weldability of austenitic stainless steel. W. Tan 11) expounded the dynamic resistance during small scale resistance spot welding (SSRSW) of Ni sheets and pointed out that the dynamic resistance curve could be divided into six stages. However, little work is available dealing with quality control of SSRSW. Thus it is necessary to investigate an effective method to monitor the quality of SSRSW. There are various non-destructive testing methods to monitor weld quality or welding process of LSRSW. Ultrasonic testing can detect the unusual small dimension, loose © 2013 ISIJ weld, and porosity of a weld nugget. [12] [13] [14] However, it is only applicable to off-line use because of the high cost, demanding operator skill, high requirements on the surfaces of sheet metals, and relatively complicated inspection system installation. Keiji Tsukada developed a magnetic flux leakage (MFL) system using a magnetoresistive (MR) sensor for nondestructive spot-weld inspection. 15) Whereas, it only could be applied to the ferromagnetic materials; metals to be welded in SSRSW are mostly nonferrous. 16 ) Measurement of the electrode displacement is another non-destructive method. 17, 18) It is a real-time and in-situ RSW quality monitoring method, but its application is limited in the field of SSRSW. Because much small workpieces lead electrode displacement very difficult to measure, monitor and control. Ling 19) focused on the use of input impedance of a manufacturing system as a signature for monitoring the manufacturing processes. By recognizing the pattern of the real part by an artificial neural network, it is demonstrated that the input impedance can be used as a quality monitoring signature for characterizing resistance spot welding. However, the physical meaning of input impedance changes during a welding process is unknown and calculating the input impedance steps is complex and difficult to understand. J. Wen 20) explored the effects of various process conditions in spot welded stain-less steel on quality by using dynamic resistance and showed that dynamic resistance responded well to the variations of process conditions and can serve as an important indicator of weld quality. Nevertheless, as the dynamic resistance was measured by dividing the instant voltage and current at its peak value within every half cycle, the dynamic resistance was highly discontinuous and not precise.
During resistance spot welding, the materials to be welded undergoes thermal expansion, yielding, melting, cooling and solidification; its electric conductivity and the whole loop impedance change constantly, the voltage between two electrodes also changes, and has certain law. So we can use voltage as a spot welding quality monitoring signature. Archer 21) built a feedback control to regulate the welding current based on the voltage measured. When the voltage measured was higher/lower than a command value, the current was lowered/raised to change the weld size. A similar monitor system based on voltage integral was obtained by Williams. 22) The voltage integral over welding time was used as a parameter to monitor the nugget diameter. This monitor system developed a feedback control combined the monitor with current stepwise adjust algorithm. The current was raised when the monitor indicated a smaller weld size; and it was lowered when the monitor indicated a bigger weld size. The systems was proved to be a good monitor system worked well with uncoated mild steel, various coated steels, and aluminum alloys.
As for the quality monitoring of SSRSW, the voltage is difficult to measure, monitor and control due to its small changes in amplitude. Fortunately the linear DC or the HF resistance welding power supply provides more welding consistency and less noise compared to traditional direct energy (AC) or capacitive discharge (CD) technologies used in LSRSW.
Experimental Study
The voltage was monitored during the welding cycles using a 12-bit computer data acquisition (DAQ) system with 50 kHz sampling frequency per channel. Figure 2 shows the implementation of sensors for the welding process. Two leads were clipped onto each of the electrode to measure the voltage between them. The sensor leads were shielded twisted pairs to reduce the electromagnetic contamination to the signals. A two channel Butterworth low pass filter was used for anti-aliasing purpose during the analog signals sampling. At last the signals were evaluated by a Matlab program.
In the presented study, the material used was TC2 titanium alloy with a thickness of 0.4 mm. The alloy has satisfactory plastic, good weldability and its chemical compositions are shown in Table 2 . The TC2 Ti sheets were cut in the dimension of 100×30×0.4 mm, installed as lapping joints, as shown in Fig. 3 .
When the temperature is higher than 550°C titanium and its alloy easily produce chemical reaction with oxygen, nitrogen and hydrogen, which makes their performance reduced. However, during resistance spot welding, under the pressure of electrodes the nugget does not directly contact with the air, so it need not take special protection measures. The rough degree and cleanness of metal sheet surfaces affect the welding quality a lot, 23) so it is necessary to reduce the surface resistance by mechanical and chemical methods before welding. In this research, first the sheets were cleaned with hard brush, and then were chemically cleaned by the mixed solution of 45 percent of nitric acid, 20 percent of hydrofluoric acid and 35 percent of water. After etching for 2-3 minutes, the base mental sheets were cleaned with running water.
The spot welding tests were performed using a resistance spot weld machine produced by Miyachi Unitek Corporation. A HF27 high frequency resistance welding power supply with a pneumatically actuated small-scale resistance weld head was employed in this experiment. The HF27 power supply could provide constant current, constant voltage and constant power modes for a welding process. In this work constant current mode was used, as shown in Fig. 4 . The flatted copper alloy electrodes with 3 mm in diameter were used. No cooling water was supplied to the electrodes.
In order to generate different sizes of nugget, the welding current was varied from 1.0 to 2.4 kA, the current time changed from 4 to 12 ms and the pressure force was varied from 3 to 8 Mpa. Nugget diameter was determined from the fractured faying surfaces of tensile-shear testing. Figure 5 was the voltage waveform when the welding current was 2 kA, the pressure force was 7 Mpa and the welding time was 10 ms. During the initial welding process the voltage increases owing to the rising current and the heating faying surfaces. In the third millisecond the peak point is reached. Due to the constantcurrent, the peak point is the known beta peak. [24] [25] [26] At this point, the increase in resistivity caused by rising temperature balances with the decreasing resistance due to the increasing size of the molten region and shortening path of the current. After this point the voltage decreases. Based on the features and the earlier analysis of voltage curve in SSRSW process, four factors were extracted and used for estimation of weld quality in this study. Vm was the maximum voltage value, the index represented the time difference between the inflection point and beta peak, was the corresponding amplitude difference. The selected feature represented the declining rate of the curve, which indicated the extent of the nugget growth. Q = was product of the area surrounded by the voltage curve and corresponding current value, which showed the amount of welding zone heat input from the HF resistance welding power supply. Table 3 is the correlation coefficients between the extracted pattern and the nugget diameter D. It could be observed that the welding heat Q had the best linearity with the nugget diameter and the remaining factors exhibited relatively high correlation coefficients of over 0.70. Implementation of the voltage acquisition system is presented. 
Correlation between Welding Quality and Voltage Waveform

Fig. 5.
Voltage waveform and selected features. It shows the voltage waveform when the welding current is 2 kA, the electrode force is 7 Mpa and the welding time is 10 ms. These selected features are respectively the time difference between the inflection point and beta peak Δt and the corresponding amplitude difference ΔV, the declining rate of the curve Vs and the welding heat Q. 
The Neural Network and Quality Inspection
According to the purpose of the monitoring and the feature matrix, a three layer artificial neural network (ANN) was used to estimate the nugget diameters of the welds. The four estimation indices mentioned above were selected as the input parameters and the nugget diameter was seen as the output layer. The number of neurons to be used in the hidden layer was mainly decided on the basis of output accuracy, computer capability and training speed. Unluckily, there are no fixed rules about the number of nodes which should be used in the hidden layer. If there are too few hidden layer nodes the network may have difficulty in settling the problems that never encountered before. On the other hand, if there are too many nodes in the hidden layer, the network may take an unacceptable time to learn anything of any value. 27 ) Besides, the model with too many hidden layer nodes has a good fit to the sample used for model building but has poor generalization ability for data out of the sample. [28] [29] [30] [31] [32] [33] So deciding the suitable number of hidden layer nodes is very important and troublesome. In this study, finally five neurons were chosen because it provided a minimum error (about 0.15 mm) compared with others, as shown in Fig. 6 . So the neural network structure was 4×5×1 in Fig. 7 .
In this study, first 140 pairs of the nugget diameter and corresponding indices were collected and trained in the ANN quality estimation model to decide the weighting and bias values of all neurons. In addition, the learning rate was set as 0.1, the training goal was 0.00004 and the maximum number of iterations was 1 000. The transfer functions of the hidden layer and the output layer were 'Logsig Function' and 'Purelin Function'. The remained 62 validation data were used to compare the measured diameter with the diameter estimated by the neural network. The results in Figs. 8 and 9 showed that the maximum forecast error was about 0.13 mm proving that the selected features were so unique that different weld qualities could be perfectly estimated.
Conclusion
In order to obtain an effective method to monitor weld quality of SSRSW, the voltage curve and the ANN quality estimation model were investigated. Thanks to Miyachi Unitek HF resistance welding power supply and constant current mode provided, a continuous and little error voltage curve could be easily to get. And then four factors were extracted and used as input variables for the ANN. These were the time difference between the inflection point and beta peak Δt and the corresponding amplitude difference ΔV, the declining rate of the curve Vs and the welding heat Q. At last the nugget diameters of the welds were outputted. The maximum average forecast error of the trained network is about 0.15 mm, showing that it performed well. By using this voltage monitoring system and weld quality assurance algorithm, real-time estimation of weld quality could be achieved with only two sensor clips compared with other methods. Furthermore, the probes clipped onto the electrodes did not disturb the welding process in any known way and all the time needed for signal acquisition and processing was short enough to be done before the next welding operation started. In addition, if the current and the thickness were changed, the proposed quality assessment method of SSRSW can still estimate quality of the welding in small error so long as all of the welding work is conducted with Fig. 6 . The average maximum error of different hidden layer nodes on the operation of 100 times. The average maximum error of the neural network model with five hidden layer nodes was about 0.15 mm to estimate different nugget diameters of small scale resistance spot welding, which is the average value of 100 times and is the least forecast error compared with other hidden layer nodes. constant current mode and the power supply provides linear DC or HF current. The only thing we should do is to obtain the new learning data through experiment while the thickness changes. To sum up, the voltage signature could be used as a reliable, in-situ and real-time non-destructive method for monitoring welding quality of SSRSW in a mass production line.
